Abstract In an attempt to develop an alternate to leadbased X-ray shielding material, we describe the X-ray attenuation property of nanocomposites containing Gd 2 O 3 as nanofiller and silicone resin as matrix, prepared by a simple solution-casting technique. Gd 2 O 3 nanoparticles of size 30 and 56 nm are used at concentrations of 25 and 2.5 wt%. The nanoparticles and the nanocomposites are characterized using X-ray diffraction (XRD) studies, small angle X-ray spectroscopy (SAXS), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and atomic force microscopy (AFM). The X-ray attenuation property of nanocomposites, studied using an industrial X-ray unit, shows that nanocomposites containing nanoparticles of size 56 nm (G2) exhibit better attenuation than nanocomposites containing nanoparticles of size 30 nm (G1), which is attributed to the greater interfacial interaction between the G2 nanofillers and silicone matrix. In the case of nanocomposites containing G1 nanoparticles, the interfacial interaction between the nanofiller and the matrix is so weak that it results in pulling out of nanofillers, causing voids in the matrix, which act as X-ray transparent region, thereby reducing the overall X-ray attenuation property of G1 nanocomposites. This is further corroborated from the AFM images of the nanocomposites. The weight loss and heat flow curves of pure silicone matrix and the nanocomposites containing Gd 2 O 3 nanoparticles of size 30 and 56 nm show the degradation of silicone resin, due to chain scission, between 403 and 622°C. The same onset temperature (403°C) of degradation of matrix with and without nanoparticles shows that the addition of nanofillers to the matrix does not deteriorate the thermal stability of the matrix. This confirms the thermal stability of nanocomposites. Therefore, our study shows that nanocomposites containing G2 nanoparticles are potential candidates for the development of X-ray opaque fabric material.
Introduction
Nanomaterials are drawing great attention as an alternate to lead-based radiation shielding material, as lead is a potent occupational toxin that exhibits several toxicological manifestations such as persistent vomiting, encephalopathy, lethargy, delirium, convulsions and coma (Flora et al. 2012; Kiran 2015; La et al. 2016) . The lead toxicity mechanism involves an increased generation of reactive oxygen species (ROS), depletion of antioxidant reserve due to the binding of lead to sulfhydryl groups of antioxidants, lipid peroxidation, haemoglobin oxidation and ion substitution such as replacement of Ca 2? , Mg 2? and Na ? (Flora et al. 2012; La et al. 2016) . The radiation attenuation property of nanomaterials has been explored extensively in the past to replace the existing toxic lead-based materials for radiation protection (Abdulla et al. 2015; Adliene et al. 2015; Aral et al. 2016; Fujimori et al. 2011; Kim et al. 2015) . For example, Fontainha et al. (2016) have demonstrated a 60% attenuation of X-rays of energy 40 keV by the nanocomposites of poly(vinylidene fluoride-trifluoroethylene) and zirconia nanoparticles. Li et al. (2016) have described the fabrication of polymethyl methacrylate and multiwalled carbon nanotube-based nanocomposites. In their study, the nanocomposites are found to attenuate protons and are 18-19% lighter than their aluminium counterparts, generating up to 5% less secondary neutrons. Thibeault et al. (2015) have discussed the application of various nanomaterials such as single-walled carbon nanotube, multiwalled carbon nanotube, boron nitride nanotubes, tungsten nanoparticles and gold nanofoams for protection against galactic cosmic radiation (GCR), solar particle event (SPEs) and neutrons obtained from GCRSPEs interaction. Gadolinium oxide nanoparticle is shown to attenuate X-rays and gamma rays (Roux et al. 2010) . Gadolinium oxide is a sesquioxide which exists in two crystalline forms depending on the temperature, namely, cubic structure (stable at room temperature) and the monoclinic structure ([ 1250°C) (Jamnezhad and Jafari 2016) . Monoclinic and cubic Gd 2 O 3 nanoparticles are paramagnetic in nature and become antiferromagnetic at a Neel temperature of 17.2 K (Jamnezhad and Jafari 2016) . Gd 3? ion in gadolinium oxide possesses seven unpaired electrons in the 4f orbital with an electron spin of 7/2 (Ahren et al. 2012) . It exhibits a long electronic relaxation time of 10 -8 -10
-9 s, with a large magnetic moment (Gayathri et al. 2015) . Gd 2 O 3 nanoparticles find applications in bioimaging (when tagged with fluorescent dyes) (Dosev et al. 2006) , in magnetic resonance imaging as contrast agent (Fortin et al. 2007 ; Khan et al. 2014 ) and in drug delivery (Khan et al. 2014) . They are also used as neutron convertors in imaging plate neutron detector (Bhattacharyya and Agrawal 1995; Gunduz and Uslu 1996; Khan et al. 2014) , as additives in UO 2 fuel rods (Gunduz and Uslu 1996; Khan et al. 2014) , in ZrO 2 to enhance its toughness (Bhattacharyya and Agrawal 1995; Chen 1996; Khan et al. 2014) , as a radiosensitizer (Duc et al. 2011; Miladi et al. 2015; Mowat et al. 2011; Rancoule et al. 2016; Rima et al. 2013) , as a catalyst (Hussein 1994; Perevalov et al. 2014 ) and dopants for laser (Perevalov et al. 2014 ) and colourants (Perevalov et al. 2014 ) for special glasses.
Wang et al. (Wang et al. 2015a ) have prepared waterdispersible nanocomposite of Gd 2 O 3 and graphene oxide that was found to exhibit an enhanced MRI T1 relaxivity than the commercially available MRI T1 contrast agents. Zhou et al. (Zhou et al. 2017) have described the synthesis of albumin-conjugated Gd 2 O 3 -based photosensitizers. The authors have demonstrated an enhanced MRI contrast and photothermal effect by Gd 2 O 3 -based photosensitizers. Kusiak and Zaborski (2012) 50, 30, 20 and 20 phr, respectively, are found to strongly absorb X-rays. Stefancikova et al. (2016) have studied the role of gadolinium-based nanoparticles as radiosensitizers and have shown that the radiosensitization mediated by gadolinium-based nanocomposite is a cytoplasmic event, independent of nuclear DNA damage.
A number of studies have been carried out to evaluate the X-ray attenuation property of Gd 2 O 3 nanoparticles and Gd 2 O 3 -based nanocomposites (La et al. 2016; Mao et al. 2015; Wang et al. 2015b) . Gadolinium ion is shown to accumulate in the brain, bone and kidneys (Ramalho et al. 2016; Rogosnitzky and Branch 2016 (Ramalho et al. 2016; Rogosnitzky and Branch 2016) . Hence, gadolinium-based chelates and stable compounds are used for biological applications (Rogosnitzky and Branch 2016) , instead of gadolinium ions. Gadoliniumbased chelates are widely used as MRI contrast agents (Rogosnitzky and Branch 2016) , where gadobenate, gadobutrol and gadodiamide are some of the US Food and Drug Administration (FDA)-approved contrast agents for MRI (Rogosnitzky and Branch 2016) . Sambhudevan et al. (2017) have prepared natural rubber-based nanocomposites containing methacrylic acidmodified Gd 2 O 3 nanoparticles that are found to exhibit X-ray attenuation property. Wang et al. (Wang et al. 2015b ) have described the preparation of nanocomposites with polyether ether ketone as the matrix and untreated Gd 2 O 3 and sulfonated polyether ether ketone-coated Gd 2 O 3 as nanofillers. In their study, the nanocomposites are found to exhibit X-ray shielding property against X-rays of energy 40-80 keV. Li et al. (Li et al. 2017 ) have prepared epoxy resin-based nanocomposites containing gadolinium oxide of size 100 nm and 6 lm. The authors have studied the gamma ray attenuation property of these nanocomposites and have shown an enhanced shielding property of nano-Gd 2 O 3 nanocomposite than micro-Gd 2 O 3 composite. Mao et al. (2015) have studied the X-ray attenuation property of rubber nanocomposite containing Gd 2 O 3 nanoflakes which is found to exhibit X-ray attenuation property and a high tensile strength. Ambika et al. (2016) have studied the gamma shielding property of unsaturated polyester resin-based nanocomposite containing bismuth oxide nanoparticles, with a shielding ability comparable to that of barite at low energies of gamma rays. Scuderi et al. (2006) have studied the radiation protection efficacy of commercially available non-lead-based radiation protective garments such as Xenolite, EarthSafe and Demron against X-rays of energy 60-120 keV. In their study, Demron is found to exhibit better attenuation than EarthSafe and Xenolite. Akbulut et al. (2015) have studied the radiation shielding property of clay-white cement, clay-silica fume, gypsum, gypsum-silica fume, cement, white cement, cement-silica fume, white cement-gypsum, white cementsilica fume, red mud-silica fume, silica fume and red mud samples against gamma rays. In their study, clay-white cement mixture was found to be superior to other studied samples. In our previous study (Jayakumar et al. 2017) , we have successfully demonstrated the attenuation property of a-Bi 2 O 3 -, b-Bi 2 O 3 -and Bi-based nanocomposites, where, b-Bi 2 O 3 -based nanocomposites were found to attenuate X-rays, in diagnostic range, better than a-Bi 2 O 3 -and Bibased nanocomposites.
The present study focuses on the development of flexible and stable nanocomposites of vulcanized silicone resin as matrix, reinforced with Gd 2 O 3 nanoparticles as nanofillers. A study on the effect of the size of Gd 2 O 3 nanoparticles and its concentration on the thermal stability and X-ray attenuation property was also performed.
Materials and methods
Gadolinium oxide (Otto Chemie) of size 30 nm (G1) and 56 nm (G2) was used in this study without any further modification. Room temperature X-ray diffraction (XRD) and small angle X-ray scattering (SAXS) studies were performed, to determine the size of the nanoparticles, using Rigaku Ultima IV X-ray diffractometer. The diffraction pattern was obtained for 2h values of 20°-80°using Cu K a X-rays, with Bragg-Brentano geometry. Each measurement was obtained at a scan rate of 2°/min with a step interval of 0.02°. The crystallite size (d) of the nanoparticles was calculated using Scherrer formula, as given below:
where, k = 0.89, k = 1.5418 Å , b is the full width at half maxima (FWHM) of the most intense peak and h is the Bragg angle in degrees. In SAXS measurement, the scattering intensity (I(q)) was measured as a function of scattering vector, q ¼ ð4p Sin hÞ=k, and is fit with a spherical model given below:
where, d is the diameter of the particle and Dq is the difference in the electron density of the particle and the medium. The average particle size was obtained from the distance distribution function.
Nanocomposite blocks were prepared using a commercially available two-component room temperature vulcanized (RTV) silicone resin and Gd 2 O 3 nanoparticles of two different sizes. RTV silicone resin (Make: Anabond) consisted of Part A and Part B, with a mixing ratio of 100:5. It formed a rubber-like material on curing. Nanocomposite blocks consisting of Gd 2 O 3 nanoparticles were prepared by mixing Part A and Part B of silicone resin containing 25 and 2.5 wt% of Gd 2 O 3 nanoparticles, respectively. The mixture was poured onto a stainless steel mould and set for 8 h. Then, blocks of thickness * 2.5 mm with a length and width of 3 9 3 cm were retrieved from the mould. Nanocomposites containing 25 and 2.5 wt% of G1 nanoparticles are referred to as G1-25 and G1-2.5, respectively. Similarly, nanocomposites containing 25 and 2.5 wt% of G2 nanoparticles are referred to as G2-25 and G2-2.5, respectively.
Thermal analysis of nanocomposites such as thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were carried out using a thermogravimetric analyser (Mettler Toledo, LF Switzerland), in the temperature range of 30-800°C under argon atmosphere and at a heating rate of 10°C/min. X-ray radiography experiments were performed using a 200 MF X-ray unit (Eresco Rich-Seifert), with a focal spot size of 1.5 mm. The nanocomposite blocks were exposed to 30-60 kV X-rays for 1.75 min at a distance of 1 m from the source. The X-ray detector used was a Gd 2 O 2 S scintillation-based amorphous silicon (indirect type) 14-bit flat panel system (Thales FlashScan FS35), with a pixel resolution of 127 lm and an active area of 32 9 40 cm. Data acquisition and analysis was done using the Vj3 software. The linear attenuation coefficient and percentage attenuation of the blocks were obtained using a grey-level profile method.
Lead equivalence of the nanocomposite blocks was studied using 0.05, 0.1, 0.2, 1.5 and 3 mm-thick standard lead foil. Standard lead foils were exposed to the incident X-ray photons along with the prepared nanocomposite blocks. The grey value obtained for the standard lead foil was used to extrapolate the lead equivalence of G1-25, G1-2.5, G2-25 and G2-2.5 nanocomposite blocks. The half-value layer (HVL) of the prepared nanocomposite blocks was obtained from the linear attenuation coefficient values. The surface morphology of the nanocomposite blocks was studied using an atomic force microscope (NTEGRA PRIMA, NT-MDT, Russia) in contact mode, in which an Si 3 N 4 cantilever of tip radius 20 nm was used. The average surface roughness was obtained from the AFM topography images, using simple statistics. The surface roughness is calculated using a roughness 3-D method which characterizes features of a surface in three-dimensional (3D) geometrical space, described by a two-variable function Z(x, y) over a defined domain of the XY plane. Therefore, the 3-D roughness method, which is in accordance with ASME B46.1-2009 and ISO 25178-2:2012 standards, calculates the standard statistical parameters of the source data Z(xi, yi) (average value, rms deviation, minimum, maximum, etc.) and provides a peak distribution (cumulative distribution) and histogram (distribution density) of source data. In this study, the amount of sampling used is 65,536 data points with a sampling area of 899.87 lm 2 . The nanocomposites are further cleaved to study the morphology of the cross section using AFM. The scanning electron microscopy (SEM) image of the top surface and the cleaved cross section of the G2-25 nanocomposite block was also obtained using Phenom scanning electron microscope in environmental mode, with an accelerating voltage of 10 kV.
Results and discussion Figure 1 shows the XRD pattern of (a) G1 and (b) G2 nanoparticles. Both G1 and G2 nanoparticles exhibit the diffraction peaks corresponding to Bragg reflections from (211), (222), (400), (411), (431), (440), (611), (622), (444) and (662) crystal planes, which can be indexed to the cubic structure of Gd 2 O 3 nanoparticles . This is in good agreement with the literature (Abdullah et al. 2015; Khan et al. 2014 ). The average crystallite size of G1 and G2 nanoparticles is found to be 30 and 56 nm, respectively. The average size of the nanoparticles is calculated from the most intense peak corresponding to the (211) plane using the Scherrer formula. Figure 2 shows the (i) SAXS intensity distribution and (ii) particle size distribution of G1 and G2 nanoparticles, respectively. The average size of G1 and G2 nanoparticles is found to be 38 and 66 nm, respectively. Since the effective crystallite size (d eff ) of nanoparticles obtained using the Scherrer formula is smaller than its geometric diameter (d g ), i.e. d eff ¼ ð4=3Þd g ; the average size of the nanoparticles obtained using SAXS analysis is found to be larger than that obtained using XRD studies (Borchert et al. 2005) . Figure 3 shows the photographs of (a) silicone matrix without nanoparticles and (b) G1-25, (c) G1-2.5, (d) G2-25 and (e) G2-2.5 nanocomposite blocks, respectively. Silicone matrix without nanoparticles and G1-25, G1-2.5 and G2-2.5 nanocomposite blocks appear dark brown in colour, whereas G2-25 block appears brown in colour with a whitish tinge which may be attributed to the uniform distribution of G2 nanoparticles within the matrix. All the nanocomposite blocks are found to be flexible and Fig. 1 XRD pattern of (a) G1 and (b) G2 nanoparticles Fig. 2 i SAXS intensity distribution and ii particle size distribution of G1 and G2 nanoparticles, respectively can be processed into different shapes with ease for various applications. Figure 4 shows the (a) weight loss curves and (b) DSC curves of the matrix, G1-25, G1-25 after irradiation and G1 nanoparticles, respectively. The weight loss curve of the matrix shows a single-step weight reduction of 51% between 403 and 622°C, corresponding to the degradation of silicone resin due to chain scission. Silicones possess siloxane or polysiloxane linkages consisting of silicon-oxygen bonds, which confer an inorganic nature to silicones. Silicones also possess organic groups which impart hydrophobic property and are bonded via silicon-carbon linkages to the inorganic backbone (Dillon 1994) . Thermoset silicone elastomer contains a cross-linking agent, a catalyst to accelerate vulcanization and an inhibitor to prevent premature reaction (Dillon 1994) . Room temperature vulcanization systems (RTVs) are activated either by a catalyst which contains traces of metal or by moisture in ambient conditions (Dillon 1994) . The Si-O bonds of silicones are known for their thermal stability (Wu et al. 2009 ). At high temperatures, the thermal degradation of silicone resin under inert atmosphere involves a two-step process, viz., unzipping reaction and a random main chain scission (Wu et al. 2009 ). The unzipping reaction involves breaking of cross-link chains associated with silanol terminal groups and the main chain scission involves the breaking of the backbone chain of the silicone network structure (Wu et al. 2009 ). The weight loss curve of G1-25 also shows a singlestep weight reduction of 45% between 403 and 622°C due to the degradation of silicone resin. The onset temperature of degradation occurs at the same temperature (403°C in both matrix and in G1-25 nanocomposites) as that of the matrix without nanoparticles. This shows that the addition of nanofillers within the matrix does not deteriorate the thermal stability of the matrix. Similarly, the weight loss curve of G1-25 after irradiation shows a single-step weight reduction of 45% between 403 and 622°C, further corroborating the absence of any change in thermal stability due to exposure to X-rays. The weight loss curve of G1 nanoparticles exhibits a weight reduction of 3% in the temperature range of 30-800°C. A small weight loss of 3% exhibited by G1 nanoparticles is attributed to the loss of adsorbed moisture up to 190°C and no significant weight loss was observed beyond 190°C. The DSC curve of the matrix and G1-25 nanocomposites before and after X-ray irradiation exhibits a broad endothermic peak between 403 and 622°C, corresponding to the degradation of the silicone resin. This further confirms the thermal stability of the nanoparticles. The DSC curve of G1 nanoparticles exhibits a gradual increase in heat flow beyond 600°C, which may be attributed to the sintering of Gd 2 O 3 nanoparticles. Figure 5 shows the (a) weight loss curves and (b) DSC curves of matrix, G2-25, G2-25 after irradiation and G2 nanoparticles, respectively. The weight loss curve of the matrix exhibits a weight reduction of 51% between 403 and 690°C, as described above (Wu et al. 2009 ). The weight loss curve of the G2-25 nanocomposite before and after X-ray irradiation exhibits a similar trend to that of nanocomposites containing G1 nanoparticles, with a weight reduction of 41% between 403 and 690°C due to the degradation of silicone resin. The onset temperature of degradation of silicone resin is found to be the same (403°C) before and after the addition of G2 nanofillers in the matrix and also before and after X-ray irradiation. This confirms the thermal stability of the nanocomposites containing G2 nanoparticles. The weight loss curve of bare G2 nanoparticles does not exhibit any significant weight loss in the temperature range of 30-800°C. Heat flow curves of the matrix and G2-25 before and after X-ray irradiation exhibit an endothermic peak within the same temperature range of 403-622°C. The heat flow curve of bare G2 nanoparticles exhibits an increase in the heat flow beyond 600°C, which again may be attributed to the sintering of G2 nanoparticles. Figure 6 shows the variation of mass attenuation coefficient of the matrix, G1-25, G1-2.5, G2-25 and G2-2.5 nanocomposite blocks as a function of X-ray photon energy. The attenuation of X-ray radiation by a material is given by an exponential attenuation law (Beer Lambert's Law) (Jackson and Hawkes 1981; Kelkar et al. 2015) , as given below:
where, I is the intensity of transmitted X-rays, I o the intensity of incident X-rays, l the linear attenuation coefficient of the material and t the thickness of the attenuating material. This law is valid for the monochromatic X-ray source. Since linear attenuation coefficient varies with the density of the attenuating material, the attenuation of the prepared nanocomposite blocks is given in terms of the mass attenuation coefficient (l q ). The mass attenuation coefficient is defined as the linear attenuation coefficient per unit density of the material (Davila et al. 2017; Ersundu et al. 2017) . Nanocomposites containing 25 wt% G2 nanoparticles exhibit the highest mass attenuation coefficient compared to the rest of the prepared samples and is found to be in the range of 7.77-0.09 cm 2 /g for X-ray photon energy of 30-47 keV.
The X-ray photon energy ranges from 40 to 88 keV, known as the lead feeble absorbing area, is the commonly used photon energy range for medical diagnosis (Wang et al. 2015b) . Lead-based nanocomposite shielding material, in addition to being toxic, exhibits good absorbing property above 88 keV and between 13 and 40 keV (Wang et al. 2015b) . The absorption energy of k-shell of electron of lanthanides such as gadolinium ranges from 38.9 to 63.3 keV (Wang et al. 2015b) , thus, covering a major portion of lead feeble absorbing area of X-ray photon energy. Hence, nanocomposites containing lanthanides such as gadolinium are of immense interest as a lead-free attenuating material. The mass attenuation coefficient of the matrix and the nanocomposites is found to decrease gradually with an increase in X-ray photon energy from 30 to 47 keV. Nanocomposites containing 25 wt% G2 nanoparticles are found to exhibit a higher mass attenuation coefficient than nanocomposites containing G1 nanoparticles of equal concentration. A similar trend was observed for nanocomposites containing lower concentrations of G1 and G2 nanoparticles, where nanocomposites containing 2.5 wt% of G2 nanoparticles is found to exhibit a slightly higher mass attenuation coefficient than G1 nanocomposites of similar concentration. Figure 7 shows the percentage X-ray attenuation of the matrix and G1-25, G1-2.5, G2-25 and G2-2.5 nanocomposite blocks as a function of X-ray photon energy. Nanocomposites containing G2 nanoparticles exhibit the highest percentage attenuation in the X-ray photon energy range of 30-47 keV. Attenuation of X-rays is not observed beyond 47 keV. Further enhancement of attenuation of X-rays by nanocomposites could be achieved by increasing the thickness of the nanocomposite blocks or by using multifillers or by functionalizing Gd 2 O 3 nanoparticles for better dispersion in the matrix with increasing concentration. Table 1 shows the variation of mass attenuation coefficient and percentage attenuation of nanocomposites with different nanofiller loading, as a function of X-ray photon energy.
Half-value layer or HVL refers to the thickness of attenuating material sufficient enough to reduce the intensity of incident radiation by one-half, either by absorption or by scattering (Ersundu et al. 2017; Waly et al. 2016 ). The expression, HVL ¼ 0:693=l (Ersundu et al. 2017; Waly et al. 2016) , relates HVL with the linear attenuation coefficient. Table 2 shows the half-value layer and linear attenuation coefficient of different nanocomposite blocks for X-rays of photon energy 30-47 keV. Lead equivalence is defined as the thickness of lead, which offers the same Fig. 7 Percentage X-ray attenuation of the matrix and G1-25, G1-2.5, G2-25 and G2-2.5 nanocomposite blocks as a function of X-ray photon energy attenuation as the material under consideration under similar conditions of irradiation (Nambiar et al. 2013; Scuderi et al. 2006) . Thus, it is a standard reference for non-lead shielding material (Nambiar et al. 2013; Scuderi et al. 2006) . The lead equivalence of nanocomposites containing G1 and G2 nanoparticles (25 wt%) at X-ray photon energy of 40 keV is found to be 0.094 and 0.08 mm, respectively. Figure 8 shows the digital X-ray images of (i) the matrix, (ii) G1-25, (iii) G1-2.5, (iv) G2-25 and (v) G2-2.5, with the corresponding size distribution graphs of voids in (vi) G1-25, (vii) G1-2.5, (viii) G2-25 and (ix) G2-2.5 nanocomposite blocks, respectively. The white spots on the matrix are the X-ray transparent region. These spots correspond to voids within the matrix caused due to poor dispersibility of G1 and G2 nanoparticles in RTV silicone resin (Dong et al. 2011; Yasmin et al. 2003) , which leads to nanoparticle-rich and nanoparticle-poor regions. The average diameter of these voids in nanocomposites containing G1 nanoparticles at concentrations of 25 and 2.5 wt% is found to be 0.95 and 0.5 lm, respectively. Similarly, the average diameter of the voids in nanocomposites containing G2 nanoparticles at concentrations of 25 and 2.5 wt% is found to be the same (* 0.6 lm). It is observed that the size of microvoids in nanocomposites containing G1 nanoparticles is larger than that of nanocomposites containing G2 nanoparticles at a higher concentration of nanofiller (25 wt%). At lower concentration of nanofiller loading (2.5 wt%), the size of the microvoid is slightly smaller in case of nanocomposites containing G1 nanoparticles than that of nanocomposites containing G2 nanoparticles. This shows that G1 nanoparticles exhibit a concentration-dependent dispersibility in silicone resin. As the concentration of G1 nanoparticles increases in the matrix, the size of the microvoid increases, which is attributed to the pulling-out effect of nanoparticles due to low interfacial interaction between the nanofiller and silicone resin (Dong et al. 2011; Yasmin et al. 2003) . Such microvoids could be avoided by functionalizing the nanoparticles with suitable functional groups. Silicone matrix without nanoparticles does not show such voids, thus confirming the role of interfacial interaction between the nanofiller and the matrix in void formation. The X-ray radiograph of the nanocomposite Fig. 8 Digital X-ray images of i the matrix and ii G1-25, iii G1-2.5, iv G2-25 and v G2-2.5, with the corresponding size distribution graph of voids in vi G1-25, vii G1-2.5, viii G2-25 and ix G2-2.5 nanocomposite blocks, respectively Fig. 9 AFM two-dimensional top surface topography, 3D image and surface roughness histogram of i-iii the matrix and iv-vi G1-25, vii-ix G1-2.5, x-xii G2-25 and xiii-xv G2-2.5 nanocomposite blocks, respectively Appl Nanosci (2017) 7:919-931 927 does not show the distribution of nanofiller within the polymer matrix due to its limitation in the detection of smaller-sized nanoparticles. Figure 9 shows the AFM two-dimensional top surface topography, 3D image and surface roughness histogram of (i-iii) the matrix and (iv-vi) G1-25, (vii-ix) G1-2.5, (x-xii) G2-25 and (xiii-xv) G2-2.5 nanocomposite blocks, respectively. The AFM image of the matrix, as shown in Fig. 9i , exhibits a smooth surface with a roughness of 7 nm. The 3D image of the top surface of the matrix and the roughness histogram are shown in Fig. 9ii , iii, respectively. The AFM topography image of nanocomposites containing Gd 2 O 3 nanoparticles of size 30 nm (G1) at 25 wt%, its 3D image and roughness histogram are shown in Fig. 9iv-vi, respectively. The surface roughness of nanocomposites containing Gd 2 O 3 nanoparticles of size 30 at 25 wt% is found to be 37 nm. Similarly, the AFM image, 3D representation and surface histogram of nanocomposites containing Gd 2 O 3 nanoparticles of size 30 at 2.5 wt% are shown in Fig. 9vii -ix, respectively, with a surface roughness of 22 nm. Thus, the surface roughness of nanocomposites is found to increase with an increase in the concentration of G1 nanofillers. The AFM topography image, 3D image and roughness histogram of nanocomposites containing Gd 2 O 3 nanoparticles of size 56 nm (G2) at 25 and 2.5 wt% are shown in Fig. 9x -xii and xiii-xv, respectively. The surface roughness of nanocomposites containing Gd 2 O 3 of size 56 nm at a concentration of 25 and 2.5 wt% is found to be 17 Fig. 10 AFM 3D topography image of cross section of a the matrix and b G1-25, c G1-2.5, d G2-25 and e G2-2.5 nanocomposite blocks and 28 nm, respectively. Nanocomposite containing Gd 2 O 3 nanoparticles of size 56 nm is found to exhibit a smoother surface at a higher (25 wt%) concentration than at a lower (2.5 wt%) concentration. This shows that nanocomposites containing Gd 2 O 3 nanoparticles of size 30 nm at a concentration of 25 wt% exhibit a higher surface roughness than nanocomposites containing Gd 2 O 3 of size 56 nm of similar concentration, attributing to the low attenuation property of G1-based nanocomposites. The surface roughness of nanocomposites containing 30 nm-size Gd 2 O 3 nanoparticles, further, corroborates the pulling-out effect of these nanofillers. Figure 10 shows the AFM 3D topography image of the cross section of (a) the matrix and (b) G1-25, (c) G1-2.5, (d) G2-25 and (e) G2-2.5 nanocomposite blocks. The AFM images of the cross section of nanocomposites exhibit exfoliated-type surface feature which may be attributed to the extent of interfacial interaction between the matrix and the nanofillers. Such surface feature is more prominent in G1-25, G1-2.5 and G2-2.5 nanocomposites than in G2-25 nanocomposites, which is in accordance with the AFM images of the top surface (uncleaved sample) morphology of the nanocomposite blocks. This further confirms a greater degree of interaction between the matrix and Gd 2 O 3 nanoparticles of size 56 nm than that between the matrix and Gd 2 O 3 nanoparticles of size 30 nm. Figure 11a , b shows the AFM top surface topography and cross-sectional image of G2-25 nanocomposites, and the SEM image of the top surface (left) and the cross section (right) of G2-25 nanocomposites, respectively. The AFM and SEM images of G2-25 nanocomposite blocks, which exhibit the highest X-ray attenuation in comparison with other studied samples, further confirm the uniform distribution of nanofillers in its matrix.
Conclusion
We have successfully prepared nanocomposites containing Gd 2 O 3 nanoparticles of two different sizes (30 and 56 nm) at concentrations of 25 and 2.5 wt%. The weight loss and heat flow curves of nanocomposites before and after the addition of nanofillers exhibit the degradation of the matrix in the temperature range of 403-622°C, thus confirming the thermal stability of these materials up to * 403°C. Hence, the addition of nanofillers to the silicone matrix does not reduce the degradation temperature of the silicone matrix.
X-ray attenuation studies show that nanocomposites containing nanoparticles of size 56 nm exhibit better attenuation than nanocomposites containing nanoparticles Fig. 11 a, b The AFM top surface topography and cross-sectional image of the G2-25 nanocomposite (X-Y unit in lm), and the SEM image of the top surface (left) and cross section (right) of the G2-25 nanocomposite, respectively of size 30 nm due to a better interfacial interaction between the larger-sized nanofiller and the silicone matrix. The weak interfacial interaction between 30 nm-size nanofiller and the matrix results in the development of voids due to the pulling out of nanofillers and its aggregation in the matrix. The average diameter of these voids in nanocomposites containing nanoparticles of size 30 nm at concentrations of 25 and 2.5 wt% is found to be 0.95 and 0.5 lm, respectively. Similarly, the average diameter of the voids is found to be the same (0.6 lm) in nanocomposites containing 56 nm-size nanoparticles at concentrations of 25 and 2.5 wt%. The average size of the voids in nanocomposites containing 30 nm-size nanofiller is larger than that of nanocomposites containing 56 nm-size nanofiller at a higher concentration of nanofiller loading (25 wt%). G1 nanofillers exhibit a concentration-dependent pulling-out effect and aggregation. These voids allow the X-rays to pass through the matrix, thereby reducing the overall X-ray attenuation property of the nanocomposites. The surface roughness of the nanocomposites obtained from AFM images further confirms the low interfacial interaction between the polymer matrix and 30 nm-size nanofillers. The percentage attenuation of nanocomposites containing nanoparticles of size 56 nm is found to be in the range of 96-19% for X-ray photon energies of 30-47 keV. Thus, our results show that nanocomposites containing Gd 2 O 3 nanoparticles of size 56 nm may find application as an X-ray opaque fabric material, offering an alternate to toxic lead-based radiopaque fabric.
